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Exit of the Pre-TCR from the ER/cis-Golgi
Is Necessary for Signaling Differentiation, Proliferation,
and Allelic Exclusion in Immature Thymocytes
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Thymocyte development is regulated by at least two
major transitions or checkpoints. Progression through
the DN-to-DP thymocyte checkpoint is governed by pro-
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ductive rearrangement at the TCRb locus (MombaertsLincoln's Inn Fields
et al., 1992a; Mallick et al., 1993; Godfrey et al., 1994;London WC2A 3PX
Kisielow and von Boehmer, 1995). DN thymocytes thatUnited Kingdom
have undergone successful rearrangement at the TCRb²Molecular Pathology Unit
locus progress through the CD251CD442 DN thymocyteGlaxo Wellcome Medical Research Centre
checkpoint via late DN cells to the DP compartment.Gunnels Wood Road
Cellular differentiation, the cessation of further re-Stevenage
arrangement (allelic exclusion) at the TCRb locus, andHerts SG1 2NY
extensive cellular proliferation are direct consequencesUnited Kingdom
of progression through this checkpoint (Pearse et al.,
1989; Malissen et al., 1992; Dudley et al., 1994; Robey
and Fowlkes, 1994). The DP-to-SP thymocyte check-
Summary point, which is regulated by TCRa gene rearrangement,
selects thymocytes with TCRs that are MHC restricted
A major issue is whether surface expression of the but not autoreactive (reviewed by von Boehmer, 1995).
pre-TCR is necessary for signaling the development Progression through the DN-to-DP thymocyte check-
of immature thymocytes. To address this question, we point is regulated by the pre-TCR, which comprises the
generated transgenic mice expressing a TCRb chain CD3 complex in association with the TCRb chain and
that had a strong endoplasmic reticulum (ER) retrieval pTa (Groettrup et al., 1993; Saint-Ruf et al., 1994). Mice
signal (TCRbER) and that was expressed intracellularly deficient in the expression of RAG-1, RAG-2, and CD3e
but failed to reach the cell surface. In TCRbER trans- are arrested at the CD251 DN thymocyte stage, whereas
genic mice, there was a failure of allelic exclusion. DP thymocytes are present in TCRb2/2, pTa2/2, and
Also, the transgene failed to rescue the developmental CD3z2/2 mice but are markedly reduced in number
defects observed in TCRb-null mice. In contrast, TCRb (Mombaerts et al., 1992a, 1992b; Shinkai et al., 1992;
transgenes with a mutant ER retrieval sequence or Liu et al., 1993; Love et al., 1993; Malissen et al., 1993,
lacking this sequence signaled efficient allelic exclu- 1995; Ohno et al., 1993; Fehling et al., 1995; Xu et al.,
sion and suppressed the TCRb2/2 defect. These data 1996). These observations strongly suggest that the pre-
show that exit of the pre-TCR from the ER/cis-Golgi is TCR is necessary for the generation of DP thymocytes.
required for progression through the double-negative The central role of the pre-TCR at the DN-to-DP thy-
thymocyte checkpoint. mocyte transition raises the issue of how this receptor
functions to regulate survival and proliferation at this
checkpoint. Studies on the mechanism by which theIntroduction
pre-TCR signals developmental cues have been ham-
pered by the difficulty in detecting expression of thisThe production of large numbers of mature T cells bear-
receptor at the cell surface. The existence of the pre-ing major histocompatibility complex (MHC)±restricted,
TCR was first demonstrated by cell surface labelingnonautoreactive T cell receptors (TCRs) takes place
studies using a SCID (severe combined immunodefi-within the thymus and is driven by a complex series of
ciency) cell line transfected with a TCRb gene, and sub-developmental cues involving interactions of thymo-
sequently its expression was detected at low levels oncytes with both stromal cells and soluble factors. Thy-
the surface of DN thymocytes from TCRa-deficient micemocyte development can be conveniently tracked by
(Groettrup et al., 1993). However, although the mRNAsmonitoring the expression of surface markers such as
for all pre-TCR components are present in CD251 DNthe CD4 and CD8 glycoproteins (reviewed by Kisielow
thymocytes, cytofluorographic analysis fails to revealand von Boehmer, 1995). The earliest progenitor cells
surface expression (Wilson and MacDonald, 1995).express little or no CD4 or CD8 and are referred to as
Moreover, the TCR complex is, for the most part, re-double negative (DN; CD42CD82) cells. DN thymocytes
tained inside the cell in immature thymocytes (Maguirecan be subclassified into different stages of matur-
et al., 1990; Kearse et al., 1994). Thus, the pre-TCR isity according to the expression of CD44 and CD25 in
expressed at very low levels on the surface of immaturethe developmental series CD441CD252, CD442CD251,
thymocytes, levels about 100-fold lower than those ofCD442CD252. The bulk of thymocytes in the postnatal
the TCR on mature T cells (Borst et al., 1996). A keythymus express both CD4 and CD8 (double positive
question is whether the low level of surface expression[DP]; CD41CD81), and the most mature thymocytes are
of the pre-TCR is essential for its function or whether
signaling can occur from an intracellular form. There are
several precedents for signaling by intracellular forms³To whom correspondence should be addressed (e-mail: owen
m@icrf.icnet.uk). of surface receptors, most notably the platelet-derived
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the murine ab TCR will take place at the DP-to-SP thy-
mocyte checkpoint.
The transgenic constructs used in these experiments
are shown in Figure 1B. The TCRb transgene encodes
a human TCRb chain, expressing the Vb3 region, that
has been shown previously to be expressed in associa-
tion with murine TCRa and CD3 polypeptides, to gener-
ate efficient allelic exclusion at the TCRb locus, and to
give rise to normal proportions of mature thymocytes
and peripheral T cells (Viney etal., 1993). The ER retrieval
signal motif was derived from the E19 glycoprotein of
adenovirus-2 and comprises the C-terminal 11 amino
acids (Nilsson et al., 1989). This peptide causes the E19
protein to be retrieved continuously to the ER from post-
ER compartments and has been shown to be responsi-
ble for the property of the E19 glycoprotein in inhibiting
the intracellular transport of MHC class I antigens so
that they are retained in the ER and/or the cis-Golgi
compartment (PaÈaÈ bo et al., 1986). The activity of the
retrieval signal is abolished by mutation of a double
lysine motif to serine residues.
To determine whether the ER retrieval signal was able
Figure 1. Experimental Strategy to prevent surface expression of the TCRb transgene,
(A) Possible outcomes of the retention of a TCRb transgene in the expression of the human TCRb chain was analyzed by
ER.
flow cytometry using an antibody specific for human(B) VbER and VbER(KK/SS) transgene constructs. The constructs encode
Vb3 (Viney et al., 1992). Since the pre-TCR is almosta full-length human TCRb chain with a 15±amino acid ER retrieval
undetectable on the surface of thymocytes, we deter-signal or a mutant form of the signal at the C-terminal end. The
constructs were cloned into the BamH1 site of the p1017 vector. mined total Vb3 expression, which is a measure primarily
The transgenes were under the control of the p56lck proximal pro- of the level of the ab TCR. However, we assumed that
moter and were linearized using NotI. this is also an indication of the degree of retention of the
structurally closely related pre-TCR. When thymocytes
from a transgenic mouse expressing human Vb3TCR
growth factor (PDGF) receptor (Huang and Huang, 1988; were analyzed, the human TCRb chain was shown to
Bejcek et al., 1989). be efficiently expressed at the cell surface of both DP
To address whether the pre-TCR signal that drives and SP thymocytes (Figures 2C±2E). In contrast, no Vb3
the development of immature thymocytes can occur staining above background levels was observed when
intracellularly, we generated transgenic mice expressing thymocytes from VbER transgenic mice were analyzed
a rearranged TCRb gene linked to a strong endoplasmic (Figures 2C±2E). However, mutation of the dilysine motif
reticulum (ER) retrieval signal. Our data suggest that exit within the retrieval sequence allowed surface expres-
of the TCRb chain from the ER/cis-Golgi is essential for sion of the transgenic TCRb chain in DP and SP thymo-
its role in inducing differentiation and cellular prolifera- cytes, although at a lower level than that shown in the
tion and for down-regulating rearrangement at the TCRb Vb3 transgenic line (Figures 2C±2E). Some thymocytes
locus, the major developmental events that are regu- failed to express the transgene. Inactivation of trans-
lated by the pre-TCR. gene expression has been observed previously (Hag-
man et al., 1989) and has been postulated to occur by
Results a variety of mechanisms, such as position effects of
surrounding chromatin or by transgene deletion.
The strategy underpinning this study is shown in Figure To determine whether the VbER transgene product was
1A. The requirement for signaling via surface versus expressed internally, thymocytes were labeled with sat-
internal pre-TCR can be distinguished by assessing two urating levels of fluorescein isothiocyanate (FITC)±
key functional readouts in mice expressing a transgenic conjugated anti-Vb3, fixed, and permeabilized prior to
TCRb chain with or without a strong ER retrieval signal: labeling with phycoerythrin-conjugated anti-Vb3. As
allelic exclusion assayed by measuring the expression shown in Figure 3, no doubly stained thymocytes from
of endogenous murine TCRb chains, and the appear- VbER mice were observed. In contrast, surface-stained
ance of mature thymocytes. Thus, if the pre-TCR that cells were readily detectable in both Vb3 and VbER(KK/SS)
is retained in the ER acts as a functional signaling unit, transgenic mice, although in the latter case the propor-
endogenous TCRb gene rearrangement will be inhibited, tion of stained cells and the level of both internal and
but thymocyte development will be arrested at the DP surface expression were less. It is important that this
stage because of failure to express the ab TCR at the cell experiment also demonstrated that the level of internal
surface and the consequent lack of positive selection. If, staining, and thus expression, of the Vb3 and VbER
however, pre-TCR that is retained in the ER/cis-Golgi transgenes were comparable (Figure 3).
cannot provide developmental signals, endogenous Flow cytometric analysis indicated that the transgenic
TCR with the ER retrieval signal was not expressed atTCRb gene rearrangement will occur and selection via
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Figure 2. Surface Expression of the Human TCRb Chain in Vb3, Vb3ER, and VbER(KK/SS) Transgenic Mice
Thymocytes were stained with antibodies to CD4 and CD8 followed by JOVI.3 conjugated to PE. (A) Live cell gates. (B) DP and SP thymocyte
subpopulation gates. DP (C), CD41 SP (D), and CD81 SP (E) thymocytes were analyzed for surface transgene expression. The proportion of
positively staining thymocytes is indicated. JOVI.3 fluorescence in nontransgenic thymocytes is a measure of background.
the cell surface. However, this technique fails to detect detergent solubilized and immunoprecipitated with anti-
bodies specific for human TCRb, murine TCRCb, or mu-surface expression of less than about 1000 molecules
per cell. To obtain a more sensitive measure of surface rine CD3e. Immunoprecipitates were subjected to West-
ern blotting analysis with antibodies specific for CD3eexpression, the ability of the Vb3 antibody to mobilize
calcium ions when incubated with thymocytes from Vb3 or CD3z. Although this biochemical analysis detects pri-
marily the ab TCR complex, the assembly of the pre-or VbER transgenic mice was assessed by microfluorime-
try. Incubation of thymocytes from Vb3 transgenic mice TCR is assumed to parallel that of the TCR because the
two receptor complexes have a similar organization,with antibodies to murine CD3 and human TCRb re-
sulted in a strong calcium influx with mean responses differing primarily in the substitution of the pTa chain
for the closely related TCRa polypeptide and in the com-of 225 and 330 nM, respectively. In contrast, the human
TCRb specific antibody failed to elicit a calcium influx plement of CD3 polypeptides in the complex. As shown
in Figure 4, TCR complexes immunoprecipitated fromabove background levels (68 nM) when incubated with
thymocytes from VbER transgenic mice. However, when Vb3 or VbER thymocytes with the antibody JOVI 1, which
specifically recognises human TCRb chains, containedVbER thymocytes were incubated with anti-murine CD3,
a clear calcium influx, with a mean response of 231 nM, both CD3e chains and CD3z homodimers. When thymo-
cyte lysates from Vb3 transgenic mice were immunopre-was observed. These experiments suggest that the VbER
complex is present at undetectable levels at the cell cipitated with H57, which is specific for murine Cb, CD3e
was detectable only at a low level (Figure 4) and CD3zsurface.
To assess whether the ER retrieval signal on the TCRb was undetectable (data not shown). This is consistent
with the efficient allelic exclusion of endogenous murinechain interferes with the assembly of the pre-TCR com-
plex, thymocytes from Vb3 or VbER transgenic mice were TCRb rearrangements by the transgenic TCR (Viney et
Immunity
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Figure 3. Intracellular Expression of the Human TCRb Chain in Vb3,
VbER, and VbER(KK/SS) Transgenic Mice
Intact thymocytes were stained with saturating amounts of JOVI.3
conjugated to FITC and were then fixed, permeabilized, and stained
with JOVI.3 conjugated to phycoerythrin. Fluorescence in the non-
transgenic thymocytes is a measure of background.
Figure 4. Biochemical Analysis of TCR Complexal., 1993). In contrast, CD3e and CD3z were readily de-
(Top) A CD3e Western blot of thymocytes from Vb3 and VbERtectable in immunoprecipitates of VbER extracts with
transgenic thymocytes immunoprecipitated with CD3e, H57, JOVIH57. These results demonstrate that both the CD3e and
1, and 9E10. The multiple bands for CD3e probably result from
CD3z dimer components of the CD3 complex associate differential phosphorylation states.
with the VbER TCR. (Bottom) A Western blot of JOVI 1 immunoprecipitate probed for
Taken together, these data demonstrate that the ade- CD3z. A nonreducing SDS polyacrylamide gel was used to visualize
CD3z dimers.novirus E19 protein ER retrieval signal is able to retain
efficiently a transgenic TCRb chain assembled within
the pre-TCR complex inside the cell. The effect of this
when thymocytes from VbER transgenic mice were ana-intracellular retention on thymocyte development was
lyzed (Figure 5). These data demonstrate that ER re-assessed initially using CD4 and CD8 surface expres-
trieval of a transgenic TCRb chain fails to signal thesion to identify the major subpopulations. As shown
inhibition of endogenous TCRb gene rearrangement.in Figure 2A, the proportions of the major thymocyte
The ability of the VbER transgene to suppress the thy-populations were similar in Vb3, VbER, and VbER(KK/SS)
mic defect in TCRb2/2 mice was also determined. Micetransgenic mice. Total thymocyte cellularity was also
defective in TCRb gene expression exhibit a partial ar-indistinguishable (data not shown).
rest in thymocyte development (Mombaerts et al.,The appearance of normal numbers of mature CD41
1992a). Thymocyte numbers are considerably decreasedand CD81 SP thymocytes that had been positively se-
and the majority of thymocytes are DN, although somelected suggested that there was a failure of TCRb allelic
differentiation to DP cells occurs (Figure 6A). Whenexclusion in the VbER transgenic mice since the VbER
TCRb2/2 mice were intercrossed with Vb3 transgenictransgene was not expressed at the cell surface and
mice, normal numbers of thymocytes and proportionscould not therefore participate in positive selection (Fig-
of mature thymocyte subsets were reconstituted (Figureure 1). To determine directly whether allelic exclusion
6C). In contrast, expression of the VbER transgene inby the transgene had occurred, surface expression of
TCRb2/2 mice did not overcome either of the observedendogenous murine TCRb chains was measured. Only
developmental defects (Figure 6B), suggesting that bothbackground levels of coexpression of the human trans-
TCRb-mediated proliferation and differentiation are in-gene product and endogenous murine TCRb chains
hibited by the presence of the ER retrieval signal.were observed with thymocytes from Vb3 and VbER(KK/SS)
transgenic mice (Figure 5). A significant proportion of
Discussionmurine Cb-positive cells were observed when thymo-
cytes from VbER(KK/SS) mice were analyzed. However,
Thymocyte development is regulated by two forms ofthese cells failed to express the human transgenic TCRb
the TCR (von Boehmer, 1995). The DP-to-SP thymocytechain, underscoring the efficiency of allelic exclusion in
transition depends on the ab TCR complex, which isVbER(KK/SS) transgenic mice. In contrast, there was exten-
sive coexpression of mouse and human TCRb chains expressed at easily detectable levels on the surface of
Pre-TCR Signaling in Immature Thymocytes
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Figure 5. Allelic Exclusion in Human TCRb Transgenic Mice
Thymocytes were stained with anti-mouse Cb(H57), fixed, perme-
abilized, stained with anti-human Vb (JOVI.3), and analyzed by flow
cytometry. The proportion of thymocytes coexpressing both murine
(H57-positive) and human (JOVI.3-positive) TCRb chains is a mea-
sure of the failure of allelic exclusion at the TCRb locus.
DP thymocytes and is up-regulated after positive selec-
tion to levels equivalent to those on mature T cells. The
DN-to-DP thymocyte transition is driven by the pre-TCR,
which is expressed at barely detectable levels on the
surface of thymocytes from TCRa-deficient mice but
which to date has not been demonstrated on thymo-
cytes from wild-type mice; in the latter it is difficult to
distinguish the pre-TCR from the large background of
Figure 6. Suppression of Proliferation and Differentiation Defectsab TCR-expressing thymocytes. The pre-TCR has a ho-
in TCRb2/2 Mice by TCRb Transgenesmolog in B cell development (Kitamura et al., 1992). The
The CD4 and CD8 fluorescence profiles of thymocytes from apre-B cell receptor (pre-BCR) is expressed by immature
TCRb2/2 mouse (A), a VbER transgenic 3 TCRb2/2 mouse (B), and a
B cells, and it is also a matter of contention whether the Vb3 transgenic 3 TCRb2/2 mouse (C). Total thymocyte numbers are
pre-BCR can be detected on the cell surface (Lassoued given above each panel.
et al., 1993). Recent experiments using antibodies that
recognize distinct conformations of the surrogate light
chain component of the pre-BCR have demonstrated is assembled, allowing transport to the cell surface. The
activity of the E19 retrieval sequence even when thethat the pre-BCR is indeed virtually undetectable on
freshly isolated pre-B cells but is up-regulated upon complete TCR complex is assembled may be a conse-
quence of its greater distance from the cell membraneincubation in vitro, suggesting that the pre-BCR may be
down-regulated from the cell surface in vivo (Winkler et allowing greater accessibility to its coatomer binding
protein (Letourneur et al., 1994).al., 1995).
The data presented here show that the TCRb/CD3 The lack of surface expression of all TCR complexes
comprising the VbER chain was evident both by lack ofcomplex must exit the ER/cis-Golgi in order to signal
the cessation of further rearrangement of the TCRb lo- surface staining with an antibody specific for the
transgenic Vb region and by an inability of this antibodycus and the onset of cellular proliferation and differentia-
tion, three key events associated with the development to induce a calcium ion flux into thymocytes from VbER
transgenic mice. In contrast, intracellular VbER chainsof immature thymocytes. The E19 protein ER retrieval
signal used in this study contains the KKXX signal that were readily detected. These chains were shown to be
associated with both CD3e and CD3z, a result that isis responsible for retrieval of membrane proteins from
the Golgi to the ER (Nilsson et al., 1989). The TCRb consistent with previous studies on the biosynthesis
and assembly of the TCR complex. TCRa and b chainschain contains a motif KKXX (or RKXX, depending on
the species) situated within a short cytoplasmic tail that have been shown to assemble around a core complex
of CD3e, g, and d (Alarcon et al., 1988; Terhorst et al.,also fulfils the same function, preventing partial TCR
complexes from trafficking through the Golgi to the cell 1995). CD3z is the final subunit to assemble prior to exit
from the ER, although this addition does not appear tosurface (Jacobs et al., 1996). This TCRb retrieval se-
quence is presumably masked when a full TCR complex be rate limiting for entry into the medial Golgi (Hall et
Immunity
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al., 1991; Manolios et al., 1991; Rutledge et al., 1992). the VbER transgene product was fully functional. Alterna-
tively, interaction of the pre-TCR with an external ligandThe observation that the VbER TCRb chain is associated
with CD3e is consistent with the easily detectable levels may be required for progression through the DN-to-DP
thymocyte checkpoint. The nature of such a ligand, ifof the intracellular transgene product, since TCRb/CD3e
intracellular complexes have been shown to be relatively one exists, is obscure. However, CD81, a molecule ex-
pessed on thymic stromal cells, has recently been sug-long-lived, with a half-life of 6±8 hr (Terhorst et al., 1995).
Therefore, the lack of functional activity of the retained gested as a candidate for a pre-TCR ligand (Boismenu
et al., 1996). Putative ligand engagement does not ap-pre-TCR is unlikely to be a consequence of its steady-
state level of expression. Indeed, the level of intracellular pear to require the variable domain of the TCRb chain,
since expression of a Cb transgene lacking variable re-expression of the VbER transgene was shown to be com-
parable to that of the Vb3 transgene and greater than gion coding sequences allows Rag2/2 DN thymocytes
to progress to the DP thymocyte stage (Krimpenfort etthat of the VbER(KK/SS) transgene that signaled efficient
allelic exclusion at the TCRb locus. al., 1989; Jacobs et al., 1994).
An alternative, but not mutually exclusive, explanationThe failure of the transgenic VbER chain to signal the
cessation of TCRb rearrangement, cellular proliferation, is that the key signaling molecules that transduce pre-
TCR±mediated signals may be localized at the plasmaor differentiation suggests that surface expression, as
part of the pre-TCR complex, is necessary for these membrane and not accessible to the pre-TCR prior to
expression at the cell surface. Little is known aboutfunctions. This conclusion isconsistent with results from
a recent study showing a correlation between the sur- the signaling pathways accessed by the pre-TCR. The
protein tyrosine kinase p56lck has been shown to be anface expression of TCR/CD3 complexes containing
mutant forms of the TCRb chain and their capacity to important sensor of signals that drive the development
of immature thymocytes and may lie on a signaling path-mediate thymocyte development (Jacobs et al., 1996).
Another recent report analyzed allelic exclusion in pre- way downstream of the pre-TCR (Molina et al., 1992;
Wallace et al., 1995). However, a variety of intracellularTa null mice expressing a TCRb transgene and con-
cluded that the pre-Ta expression is not necessary for substrates have been implicated in transducing signals
mediated by the ab TCR, including p56lck, ZAP-70, p59fyn,the generation of allelic exclusion (Xu et al., 1996). The
data presented here, however, suggest that the pre- Ras/mitogen-activated protein kinase components, and
phosphatidylinositol 3-kinase (Weiss and Littman, 1994),TCR is necessary for signaling allelic exclusion. The
basis for this discrepancy is currently unknown but, as and it is probable that at least a cohort of these mole-
cules are also involved in pre-TCR mediated signaling.discussed below, may reflect the precise nature of the
partial pre-TCR complexes found in the different trans- It is possible that ER/cis-Golgi forms of the pre-TCR
have inefficient access to the full complement of signal-genic mouse models.
We have formally shown that exit from the cis-Golgi ing molecules required for its role in driving the develop-
ment of immature thymocytes. In this context, evidenceis required for pre-TCR function. However, the rate-lim-
iting step for intracellular transport of the TCR, and pre- has been presented that the Src-related tyrosine kinase
Lyn is associated only with the surface form of the pre-sumably also the pre-TCR, complex is at the level of
assembly in the ER. Fully assembled complexes that BCR in a pre-B cell line (Brouns et al., 1996). Signaling
in theER has, however, been suggested to occur in otherexit the ER are thought to be transported constitutively
to the cell surface. Analysis of the biosynthesis and systems. Some investigators have presented evidence
that interactions of the PDGF receptor with its ligand,intracellular transport of the pre-BCR in a human pre-B
cell line has suggested that pre-B cells have an inherent PDGF, or with v-sis can occur within the ER and/or cis-
Golgi compartments and that the v-sis/PDGF receptorER retention mechanism that retains the pre-BCR in
the ER and maintains a low level of surface expression interaction can result in cellular transformation (Huang
and Huang, 1988). These results suggest that the acti-(Brouns et al., 1996). This retention did not depend on
the surrogate light chain since it was maintained even vated PDGF receptor can interact with its signal trans-
duction pathways. Other studies, however, have sug-after introduction of conventional light chains into the
pre-B cell line. Thus, it is likely that the two potential gested that efficient cellular transformation depends on
intracellular transport of the receptor/ligand complex tosignaling compartments for TCR isoforms are the ER/
cis-Golgi and the cell surface. There are a number of the trans-Golgi network or the cell surface (Lee and
Donoghue, 1992). Intracellular signaling has also beenpossible reasons for the inactivity of the pre-TCR con-
taining the VbER chain. One possible explanation for the demonstrated for interaction of the PDGF receptor with
the E5 oncoprotein that can bind and induce PDGF re-inability of this receptor to provide developmental sig-
nals is that the E3/19K retrieval sequence alters the ceptor phosphorylation in the ER/cis-Golgi (Sparkowski
et al., 1995). However, successful mitogenic signalingactivity of the pre-TCR or the ability of pre-Ta to associ-
ate with the CD3b complex. This, however, is unlikely and consequent cell transformation require the translo-
cation of E5/PDGF receptor complexes to the distalsince the additional sequence failed to interfere with
the assembly of TCR complexes in the rough ER. The Golgi compartments. Taken together, these studies sug-
gest that full signaling from an activated receptor lo-difficulty of biochemically detecting the pre-TCR in thy-
mocytes precludes direct analysis of the pre-TCR. How- cated in the ER/cis-Golgi compartments may not be
possible because of inaccessibility to a full complementever, the same rules probably govern the assembly of
the pre-TCR and the ab TCR, although this has not yet of intracellular signaling molecules.
Several knockout mice lacking expression of variousbeen directly demonstrated. Moreover, a TCR complex
containing a transgenic b chain with a mutated ER re- components of the pre-TCR show defects in the devel-
opment of immature thymocytes associated with thetrieval signal that differed in only two amino acids from
Pre-TCR Signaling in Immature Thymocytes
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The VbER(KK/SS) construct contained a mutation with sequences en-DN-to-DP thymocyte transition, although the phenotype
coding two serine residues in place of the dilysine motif, whichvaries among different mutants. Mice deficient in pTa
resulted in inactivation of the ER retrieval function.or CD3z gene expression exhibit a defect in proliferation
Transgenes were produced by the ligation of constructs into the
but apparently not in allelic exclusion, whereas CD3e2/2 BamH1 site of the p1017 vector (Chaffin et al., 1990). NotI fragments
mice show both a proliferative and maturational arrest, were purified on Wizard columns (Promega), ethanol precipitated,
and resuspended for injection at a concentration of 2 ng/ml. Con-demonstrating that this component is absolutely neces-
structs were injected into male pronuclei of fertilized oocytes fromsary for the DN-to-DP thymocyte transition (Liu et al.,
(CBA/Ca 3 C57BL6/J) F1 mice. Transgenic founders were detected1993; Love et al., 1993; Malissen et al., 1993, 1995; Ohno
by hybridization of genomic DNA extracted from tail snips and di-et al., 1993; Fehling et al., 1995; Xu et al., 1996). The
gested with EcoRI with a probe comprising the human growth hor-
precise defect in thymic development observed in these mone region. Founders were backcrossed to establish stable lines.
mutant mice may depend on the nature of the pre-TCR± Two independent lines were established for each construct.
mediated signal. The lack of individual chains of the pre-
Surface Staining for Analysis by Fluorescence-ActivatedTCR may affect the amplitude of the signal or substrate
Cell Sortingrecruitment or may result in qualitative differences in
Thymocytes were stained with saturating concentrationsof antibod-the pathway(s) activated. These parameters will be de-
ies in E4 (Eagles Dulbecco's medium) supplemented with 5% fetal
termined both by the number of pre-TCR molecules at calf serum at 48C for 30±45 min and then washed in phosphate-
the cell surface and by the relative importance of differ- buffered saline (PBS). Flow cytometry was carried out using a FACS-
ent chains for the signal transduction process. For ex- CAN analyzer (Becton Dickinson), and data were acquired and ana-
lyzed using CellQuest software (Becton Dickinson). For internalample, a defect in pTa or CD3z gene expression may
staining, thymocytes were fixed in PBS with 4% paraformaldehyderesult in a low level of surface expression of a partial
for 10 min and then permeabilized in PBS with 4% paraformalde-complex. This low level of surface expression, even in
hyde, 0.1% Triton X-100 for 4 min. The permeabilized thymocytes
the absence of CD3z, which is a major signaling compo- were washed twice in PBS and stained as described above.
nent of the TCR complex, may be sufficient to generate
a weak signal that results in allelic exclusion at the TCRb Antibodies
locus but not proliferation. A partial pre-TCR complex The following antibodies were used for analysis by fluorescence-
activated cell sorting: anti-CD4 conjugated to phycoerythrin or FITClacking CD3e, a core component of the CD3 complex,
(RM4-5, Pharmingen); biotinylated anti-CD8 (53-58, Pharmingen);may fail to reach the cell surface at sufficient levels to
FITC-conjugated anti-CD3 epsilon (145-2C11, Pharmingen); anti-provide even a weak activation signal. This knockout
mouse TCR conjugated to FITC or biotin (H57, Pharmingen); and
model would be functionally equivalent to the VbER JOVI 3 conjugated to phycoerythrin (Viney et al., 1992). Biotinylated
transgenic mouse, in which the entire pre-TCR complex antibodies were visualized with streptavidin-TRICOLOR (Caltag,
is retained intracellularly. In contrast, surface expression South San Francisco, CA).
of a complete pre-TCR complex, as in the case of the
Calcium Flux AnalysisVb3 transgenic mice, would elicit a strong signal initiat-
Thymocytes were resuspended in extracellular medium (ECM) con-ing both processes. Consistent with this notion is the
taining (millimolar): 125 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 0.5 NaH2PO4,observation that CD3 complexes can be expressed at
5 NaHCO3, 10 HEPES, 10 glucose, and also 0.1% bovine serum
minute levels on the surface of immature thymocytes in albumin. They were then loadedfor 30 min at 378C in ECM containing
the absence of the pre-TCR in RAG-deficient mice, but 1 mM Fura-2 AM and 0.005% pluronic F-127. Cells were washed
twice and resuspended in ECM and allowed to adhere to a glassthat these complexes are functional only when a strong
coverslip at the bottom of a sample chamber for approximately 5activation signal is provided by cross-linking with anti-
min before intracellular calcium imaging was carried out.bodies to CD3 components (Levelt et al., 1993; Wiest
Calcium imaging was performed with a MagiCal system (Appliedet al., 1994).
Imaging International, Sunderland, UK) (Mason et al., 1993). The
In conclusion, we have demonstrated that retention sample chamber was maintained at approximately 338C during the
of the pre-TCR complex within the ER/cis-Golgi com- experiment, and 0.1 ml of antibody was added to 0.4 ml ECM in the
chamber above the cells. (Control experiments have shown thatpartments results in failure of this receptor to provide
mixing of solutions in the sample chamber takes place within 10 ssignals that drive the development of immature thymo-
under these conditions.) Sequences of images at 340 and 380 nmcytes. Therefore the pre-TCR cannot signal from an in-
excitation, 510 nm emission wavelength, were taken for 50 s beforeternal ER/cis-Golgi location. The physiological site of
the addition of antibody and for 250 s after addition, using a 403
pre-TCR function is at the trans-Golgi network or more objective lens. The MagiCal system then subtracted background
likely at the cell surface, a site where this receptor in images at the two excitation wavelengths and produced a series of
340/380 ratio images from which intracellular calcium concentra-the context of a full complement of signaling molecules
tions were calculated by the system according to a calcium calibra-can access a putative external ligand.
tion table. The calibration table was made by exposing cells to 10
mM ionomycin and 10 mM CaCl2 to find the maximum ratio, and
Experimental Procedures exposing them to 10 mM ionomycin, zero calcium, and 200 mM
EGTA to find the minimum ratio. The MagiCal system then calculated
Mice the table according to the Grynkiewicz equation (Grynkiewicz et al.,
All mice used in this study were bred and maintained under specific 1985).
pathogen±free conditions in the Imperial Cancer Research Fund The mean calcium responses of populations of 100±900 cells were
Biological Resources Unit. found from graphs of intracellular calcium concentration against
time (response 5 peak calcium concentration 2 resting calcium
concentration), and the calcium responses of representative individ-Transgenic Mouse Generation
The Vb3 transgenic mice were produced as previously described ual cells were also examined. The shape of the mean response was
found to be a slow rise in intracellular calcium to a plateau, which(Viney et al., 1993). The VbER construct was generated by theaddition
of sequences encoding the adenovirus E3/19K ER retrieval signal, represented the average of a number of more rapid asynchronous
calcium transients from individual cells.KYKSRRSFIDEKKMP, to the C-terminus of the HA1.7 TCRb chain.
Immunity
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Western Blotting and Immunoprecipitations heterodimer on pre-T cells consists of the T cell receptor b chain
and a 33 kDa glycoprotein. Cell 75, 283±294.Thymocytes were resuspended in PBS and lysed in 1% digitonin
lysis buffer (1% digitonin, 150 mM NaCl, 50 mM Tris [pH 8.0], and Grynkiewicz, G., Poenie, M., and Tsien, R. (1985). A new generation
protease inhibitors) for CD3e Western blots, and 0.5% Triton lysis of Ca21 indicators with greatly improved fluorescence properties.
buffer (0.5% Triton, 150 mM NaCl, 20 mM Tris-HCl [pH 7.6], 2 mM J. Biol. Chem. 260, 3440±3450.
EDTA, and protease inhibitors) for CD3z Western blots, on ice for Hagman, J., Lo, D., Doglio, L.T., Hackett, J., Jr., Rudin, C.M., Haasch,
15 min. The lysates were centrifuged at 15,000 3 g for 15 min. The D., Brinster, R., and Storb, U. (1989). Inhibition of immunoglobulin
supernatants were immunoprecipitated overnight at 48C with the gene rearrangement by the expression of a lambda 2 transgene. J.
following antibodies at 12 mg/ml: anti-CD3e (Pharmingen 145-2C11), Exp. Med. 169, 1911±1929.
H57, purified JOVI 1 (Viney et al., 1992) and 9E10 (anti-Myc). Lysates
Hall, C., Berkhout, B., Alarcon, B., Sancho, J., Wileman, T., andwere incubated with 13 mg of protein AG agarose (SC-2003, Santa
Terhorst, C. (1991). Requirements for cell surface expression of theCruz Biotechnology) for 1 hr at 48C. Immunoprecipitates were
human TCR/CD3 complex in non-T cells. Int. Immunol. 3, 359±368.washed three times in lysis buffer and resuspended in 30 ml sodium
Huang, S.S., and Huang, J.S. (1988). Rapid turnover of the platelet-dodecyl sulfate (SDS) loading buffer. Samples were loaded onto a
derived growth factor receptor in sis-transformed cells and reversal12.5% reducing and 17.5% nonreducing SDS polyacrylamide gels
by Suramin. J. Biol. Chem. 263, 12608±12618.for CD3e and CD3z blots, respectively. The gels were transferred in
Jacobs, H., Vandeputte, D., Tolkamp, L., de Vries, E., Borst, J., and10 mM CAPS (pH 11.0), using a Hoefer semi-phor blotter at 0.8 mA/
Berns, A. (1994). CD3 components at the surface of pro-T cellscm2. The blots were blocked in 5% milk, Tris-buffered saline with
can mediate pre-T cell development in vivo. Eur. J. Immunol. 24,0.1% Tween 20 (TBST). Blots were incubated overnight with the
934±939.primary antibodies CD3e (Dako A0452) and CD3z (15251A Phar-
mingen) before being washed three times in TBST. CD3e and CD3z Jacobs, H., Iacomini, J., van de Ven, M., Tonegawa, S., and Berns,
blots were incubated with horseradish peroxidase±conjugated anti- A. (1996). Domains of the TCRb-chain required for early thymocyte
rabbit IgG and anti-mouse IgG, respectively, for 1 hr at room temper- development. J. Exp. Med. 184, 1833±1843.
ature. Blots were washed three times in TBST and visualized using Kearse, K.P., Roberts, J.L., Munitz, T.I., Wiest, D.L., Nakayama, T.
enhanced chemiluminescence (Amersham). and Singer, A. (1994). Developmental regulation of alpha beta T
cell antigen receptor expression results from differential stability of
Acknowledgments nascent TCR alpha proteins within the endoplasmic reticulum of
immature and mature T cells. EMBO J. 13, 4504±4514.
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